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FOREWORD

The work described in this report was performed at the
University of Dayton Research Institute for the Metals Behavior
Branch, Metals and Ceramics Division, Materials Laboratory, Air
Force Wright Aeronautical Laboratories (AFWAL/MLLN), under Contract
number F33615-79-C-5108, "High Frequency Fatigue of Turbine Blade
Material." The contract was administered under the direction of
AFWAL by Dr. D. I. G. Jones (MLLN). The program was conducted by i
the Aerospace Mechanics Group, University of Dayton Research

Institute, Dayton, Ohio with Mr. Michael L. Drake as the principal
investigator.

The investigations of the effects of composition, viscosity,
microstructure and constraining layers on the damping properties of
vitreous enamels were conducted by Dr. Binod Kumar. Experimental
evaluation and data reduction was accomplished by Mr. S. Hilton,
Mr. W. Goddard, Mr. D. Hopkins, and Mr. P. Graf. This work was
performed during the period October 1979 to July 1982.
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SECTION 1
INTRODUCTION

In order to control high cycle fatigue in vibrating
structures at elevated temperatures, vitreous enamel coatings have
been suggested and used [1,2,3]. The coatings dissipate vibratory
energy due to their characteristic high mechanical loss in the
viscoelastic range. The dissipation of vibratory energy by such
treatment improves the performance, reliability, and reduces
maintenance costs of the structure. At lower temperatures (<460°C),
polymeric coatings are commonly used. Preliminary feasibility
experiments and viscoelastic damping data for vitreous enamel
coatings have been reported by Nashif [ 4 ] and Sridharan [5].

The University of Dayton has been engaged, in developing
viscoelastic danping measurement techniques and vitreous enamel
compositions for damping applications in aircraft engines for
approximately 10 years, under contracts funded by the Air Force
Materials Laboratory, Wright-Patterson Air Force Base. Significant
developments have been made in the measurement and application
techniques. A better understanding has developed in regard to the
effects of composition (6) on the damping properties.

The primary objectives of the studies reported here were to
further evaluate damping properties of new compositions, analyze
previous data and develop a relationship between the structure
and the damping properties, evaluate the constrained layer damping
concept with the vitreous enamel, and analyze the difficulties
associated with the utilization such as nucleation and crystal-
lization of vitreous enamels as a vibration damping material.

Vitreous enamel or inorganic silicate glasses exhibit
damping peaks at various temperatures. For a frequency of 1 Hz
a peak occurs at about -30°C, which is related to the alkali
ion diffusion. A second peak at the same frequency occurs at about
200°C. The damping (n) of the first peak is approximately 0.001,
whereas the damping of the second peak varies from 0.001 to 0.02,
depending on the glass composition. For a single alkali glass, the
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damping intensity (n) of the second peak is approximately 0.001.
The addition of a second alkali causes a large increase in the
intensity of this peak to as high as 0.02. The damping peaks are
also frequency dependent. Increasing frequency increases the peak
temperature. For example, a decade increase in frequency shifts
the peak toward a higher temperature by approximately 15°C. These
two praks are the results of anelastic damping. Readers can refer
to a recently published review paper (7) for the mechanisms and
the related information concerning the two peaks.

A third peak of significantly higher damping intensity (Q-1=1)
than the first two occurs at a higher temperature. Associated with
this damping peak is a large change in the complex modulus. A
change of about 40 percent in the modulus can be expected. This
peak is frequently referred to as the viscoelastic peak. This is
the peak of primary interest in dissipating the vibratory energy at
elevated temperature and will be the main topic of discussion in
this report.
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SECTION II

TECHNICAL PROCEDURES

2.1 EXPERIMENTAL

2.1.1 Glass Preparation
All of the compositions, except the standard

commercial compositions, were formulated and synthesized from the
analytical grade raw materials. Required amounts of oxide and
carbonate raw materials were weighed and mixed in a V-blender for
approximately one hour. The weighed material was then melted in a
platinum crucible at appropriate melting temperatures. The molten
glass was quenched by pouring into a container of cold water. The
quenched glass was then dry ball milled, using A1203 grinding
media, for 24 hours. The milled powder was then screened to obtain
various particle size splits. The test beams were coated with
vitreous enamels of particle sizes passing through a 100-mesh screen
but not through a 150-mesh screen.

2.1.2 Method of Coating Application
Prior to spraying, the metal substrate was sandblasted

using 36-mesh silicon carbide grit and an air pressure of 75 psi.

The powder material was applied to the metal substrate by plasma
spraying. A Meteo 3MB plasma spray apparatus was operated at 400 amps
DC, 75 volts DC at 30,000 watts setting with a gas flow of 15 scfh

H2 and 80 scfh Ar. A gas nixture of 84.2 percent Ar and 15.7 percent
H, was used. The coated beam was then fired in a resistance-heated
furnace for approximately three minutes or until the surface appeared
to be smooth.

2.1.3 Vibration Damping Measurements

An apparatus and technique was developed to accurately
and reliably excite, and measure the response of a beam specimen
at temperatures exceeding 1,000°C.

The specimen used was a cantilever beam coated on one

side with an enamel or glass. A typical specimen is illustrated in
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Figure 1. The specimen was clamped in the fixture as illustrated in
Figure 2. The air cylinder insured that a constant clamping pressure
was maintained on the root section of the specimen over the entire
temperature range. This fixture also allowed for thermal expansion
of the fixture and high temperature creep of the clamping bolts.

The force gage, mounted in series with the clamping
bolt and the air cylinder, was used to measure the response of the
specimen. The force gage was well removed from the high temperature
environment.

An electromagnetic transducer was used to excite the
specimen., This transducer was specially designed to operate from
room temperature to at least 1,000°C. The design used a closed
loop cooling system incorporating a modified room air conditioner.
A block diagram of the apparatus and complete measuring system is
shown in Figure 3, and Figure 4 is a schematic of the transducer
cooling system.

The specimen and fixture were placed in the furnace
and heated to the desired temperature, usually above the annealing
temperature of the enamel. The cantilever beam specimen was excited
at its free end by a sinusoidally varying magnetic force induced

- i bl
M Tt e

by the electromagnetic transducer. A high Curie temperature cobalt
ﬁf disc was attached to the end of the beam to allow for excitation of
the nonmagnetic specimens. The frequency of oscillation was varied
until a resonance was detected. At resonance the shear force in
the beam reached a maximum and was measured by the dynamic force
gage. The force gage measured the variation of the shear force at
the root of the cantilever beam specimen,

2.2 CALCULATION OF DAMPING PROPERTIES

The damping characteristics of the coatings were determined
by measuring the vibration response of a composite cantilever beam
at varying temperatures over the viscoelastic range. It is assumed
that the enamel is a viscoelastic material; that is, the modulus
of the enamel can be treated as a complex quantity
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Figure 2. High Temperature Damping Test Apparatus.
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EB = 36 + 135 = 36 (1 + itané)
Ny = tané = EB/Eb

where Eb is the storage or Young's Modulus of the enamel and tané

is the ratio of the dissipative modulus, EB, to the storage modulus.
Consider the metal beam with an enamel coating on one side

as shown in Figure 5.

-|
THICKNESS (hp)

COATING DENSITY (Pp)

| BeamM—”

THICKNESS (h,)
DENSITY (#,)

Figure 5. Coated Oberst Test Beam

The formulas developed by Oberst [8] and used by many other
investigators were used to determine the damping properties of the
enamel as a function of frequency and temperature. These formulas

are:




1 + 2(E/E)) (hy/h))A + (Ep/E) 2 (h /m)

2
(mn/mln) (1+thD/h1pl) =

1+ (ED/E]_) (hD/hl) (1)
and
3 2 4
n__ (Bp/Ey) (hy/hy) [2842(E/E)) (hp/h))” + (E/E)) “(hp/hp) " -1
n, 2 4
2 [1+(ED/E1) (hD/hl)][1+2A(ED/E1)(hD/hl) + (ED/EI) (hD/hl) 1 (2)
where:
_ 2
A=2+ 3(hD/hl) + 2(hD/h1) . (3)
k| w, = natural frequency of the nth mode of the composite beam,
- ann, rad/sec
E, wy,= natural frequency of the nth mode of the metal beam,
. -.. 2nf, , rad/sec .
4 ! - in
ig hD = thickness of enamel coating applied to composite beam
r h1 = thickness of metal beam
1
;y Pp = density of enamel coating
-i Py = density of metal beam
: ED = real part of the modulus of enamel coating
, E, = Young's modulus of metal beam
' tan 6e = effective loss factor of composite beam (=n)
tan § = loss factor of enamel coating (= n,)
A The quantities of hD, hl' Ppr and ey are known and are assumed

to remain constant with temperature. The parameters, Whr  Wyp and
’

n are experimentally measured. The value of n is determined from

Aw Af _ ‘
nstan6e=—-&=—f—n- (4)
wn n
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where Afn is the bandwidth at the half-power points of the response
peak for the nth mode., The value of Elcan be determined from' the
measured response of the uncoated metal beam using

4 2 4
En = M0 Typ L /BT (5)

En = the eigen value corresponding to the nth mode and is a
constant, determined by the boundary conditions

bhl = the mass per unit length of the metal beam

Py
the length of the beam

t
(]

I = %5 bhi = the second moment of area of the metal beam

about its centerline.

The values of E: for beam with classical boundary conditions
are well known and can be found in reference[9]. Thus, from the
measured resonant frequencies of the coated and bare beams and the
measured composite loss factor, tan Ge' the damping properties of
the enamel can be determined as a function of temperature and
frequency.

The resonant frequencies and modal damping of five to six
modes of the coated beam, covering a frequency range of 100 Hz to
1,500 Hz, can usually be measured for each temperature. Thus, the
damping properties of the vitreous coating over a decade of frequency
at a given temperature can be easily and quickly determined.

11
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SECTION IIIX
RESULTS AND DISCUSSION

During the development of high temperature vibration damping
enamels, one of the primary goals has been to develop a better
understanding -of the effects of structure, composition, and ,
physical properties on the damping behavior of vitreous enamels.
In view of this goal, several experimental and theoretical investi-
gations were conducted. Those investigations can be broadly class-
ified as follows:

e Damping properties of new compositions;

e Relationship between the glass transition temperature
and the damping temperature;

o Effect of nucleation and crystallization on the
viscoelastic damping;

® Constrained layer damping with vitreous enamels.
3.1 DAMPING PROPERTIES OF NEW COMPOSITIONS

3.1.1 Mixed Alkali Glasses
As indicated in Section I, mixed alkali glasses

exhibit a characteristic damping peak at lower temperatures (100-200°C).
It has also been noted that some commercial glasses containing
mixed alkali exhibit intense and broad damping peaks. Therefore,
it was hypothesized that there is a relationship between the
viscoelastic damping and presence of mixed alkali in the composition.
In order to verify the hypothesis, an experiment was designed in
which alkali oxides were systematically varied. Properties of the
glasses, i.e., the thermal expansion, damping behavior, and their
thermal stability in the damping range were determined.. This

subsection describes the results of the experimental design on the
mixed alkali glasses and also recommends the future course of the
investigation.

Molar composition of the glasses and their properties
are summarized in Table 1. Compositions numbered 1 through 6 have
been obtained from the Lizo-Kzo-SiO2 system, The coefficient of

12




thermal expansion shows a linear increase as Lizo is replaced by
the Kzo, which is also graphically shown in Figure 6. The
coefficients of thermal expansion of L120-3s102 and K2-3Sio2
glasses are 53 x 10 7/°C and 140 x 10~ ’/°C respectively. There
is a slight variation in Tg; however, the dialtomeric softening
point exhibits a general decrease as the Li,0 is replaced by
K,0. These glasses also exhibited varying degrees of thermal

A et i s sl

stability. For example, the composition 1 becomes opaque after
the powdered frit was applied and vitrified on the metallic

substrate, Compositions 2 and 2A became opaque during the damping
measurements. Compositions 3, 3A, and 4 remained unchanged after
the damping measurements. General appearance of the glass com-
positions 2, 2A, 3, 3A, and 4 after damping measurements are shown
in Figure 7. Compositions 5 and 6 could not be successfully
applied on to the metallic substrate, possibly becaue of the

extreme hygroscopic nature of these compositions.
All compositions from the system LiZO-Nazo-SiO2
(7 through 11) exhibited unstable behavior during application and
damping measurements and therefore were dropped .
experimental investigation.

Reduced Temperature Nomograms for compositiomns 2, 3, and

4 are shown in Figures 8, 9, and 10 respectively, with experimental and
reduced data given in Tables 2, 3, and 4. Compesition 2 shows a broad

and relatively high loss factor as compared to compositions 3 and 4. 1In
order to make a direct comparison of loss factor of the three compositions,

Figure 11 exhibits a plot of the loss factor at 100 Hz versus temperature.
It is obvious that only a narrow compositional range

of the mixed alkali series exhibit stable glasses whose damping
properties could be satisfactorily determined. It appears that
the damping properties of these stable compositions are superior
than other multicomponent commerical compositions. However,
further investigations are needed to substantiate any relationship
between the presence of mixed alkali and viscoelastic damping.

13 L




|
s
.*,.
i
3

T

[4

Corse - o%en 11

sjusweInsLow orse - o°v1z 0 - ofeNg 0 o1
buydwep mmmummﬁw%mmmm Corse - o°vIv°0 - O%eN9'0 6
alqelsun poOITqIYXa Noﬁmm. oNﬁAo.o. ONMZQ.c 8
sasse[b 9sayly jo 1iIv Nmem. oNﬁqa.c. onzﬂ.c L -
PRTITIIIA 00T o1se - 0%y 9
°q Jou PINOD> x9pMOg 00815 69¥ 0°121 ‘orse - o°y1z-0 -0%48'0 s | %
Do8TS 69¥ 9°v01 Noﬁmm corv-o - ONVG.o 4
suoy3ysoduod afqels ve
JolES SLY €°68 Noﬂmm . o«ﬁuw.e . ONM—....Q £
u:o&wuzmmmﬁﬂ Ve
buydwep x933e anbwdg Do LES 18V 6°0L moﬁmm HquAm .o«xw z
uoyrjedyrdde Hutanp anbedg Je0E9 SLY £°CS No«mm .oNﬁa I
s)Ieway juyjod ‘3308 Ja (,0T x) ® =0wuﬁmomsou IeTONW

oyaswmolTetd

SAILYAJOdd YIFHL ANV SNOILISOdWOD SSVI9
T JTgvL 4




K20-5102

ion

1
0 Substitution for
Thermal Expans

tl

> KZO
2

ien

15

1
5L120-5K20-5102
O on the

ffic

&

Effect of K

T AR :
N %.&. Ria ....u.n.w
i HHHH A YEHH T

.

I

.

+

I

I

1

&

Il

I

T

|

I

T

i
™
P 8 i

-
g

i

I
.
T
J
T
"
*
|
'
*

80
60
40

120

100
Li20-3SiO2

Figure 6.

JOT x ®
+ NOISNVdXd TVWIIHL . .




Figure 7. Appearance of the Glass Coatings After
Damping Measurements. MNumbers on the

Left Indicate Glass Composition.
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3.1.2 Fluoride Glass

This material was formulated and synthesized in our
laboratory and is different from other materials in the sense that
it develops two phase structure upon heat treatment. The beams
were coated using the standard plasma spray technique. Damping
data for the material before and after heat treatment are shown
in Figures 12 and 13 respectively. Before heat treatment, the
material exhibits a damping peak typical of many vitreous enamel
compositions (Figure 12). After heat treatment, the peak becomes
broader and the peak intensity decreases. This interesting
damping behavior of the material after heat treatment believed to

have resulted from the two phase structure.
3.1.3. Lead Silicate Compositions

Damping properties of several compositions from the PbO-
Sioz-Rzo system were evaluated. Table 5 shows the compositions of the
glasses as calculated from the batch ingredients. The table also shows
general characteristics of the glasses. It is noted that the incor-
poration of alkali oxide (RZO) in mixture rather than a single oxide
helps in stabilizing the glass as evidenced by compositions III, V,
Vi, IX, X, and XI.

Loss factors as a function of temperature of the seven

stable compositions from Table 5 are shnwn in Figures 14 through 20,

with experimental and reduced datagiven in Tables 6,7,8,9,10,11,and 12.

TABLE 5
COMPOSITIONS (PERCENT WEIGHT) OF LEAD SILICATE GLASSES
I I1 ITITI | IV A4 VI VII |[VITII| IX X XI
SiO2 49.02 45.9} 44.3(49.02|44.2)44.3(43.9143,9[44.3(44.344.3

PbO | 40.02 45.9| 44.3(49.02(44.344.3(43.9(43.9(44.3[44.3]44.3
K,0 1.96f =-- 1.7 == 1.7 -- 1.7 3.3] 1.7} 3.4 5.1

2
Na20 - 8.2l 8.0 1.96} 9.7 (11.4{ 7.2| 7.2} 6.3} 6.3] 6.3
Lizo - - 1.7 | == - - 3.3] 1.7| 3.4 1.7} --
Remarks

Devitrified
(Opacified)
Devitrified
Stable Glass
Devitrified
Stable Glass
Devitrified
Stable Glass
Stable Glass
Stable Glass
Stable Glass
Stable Glass
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Figure 12. Modal Damping from Fluoride Materal
(Number Superimposed on the Curves
Indicate Mode Number)
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